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A B S T R A C T

Tall-caespitose basin wildrye (Leymus cinereus) and rhizomatous creeping wildrye (Leymus triticoides)

are perennial Triticeae relatives of wheat and barley. Quantitative trait loci (QTLs) controlling rhizome

proliferation were previously detected on homoeologous regions of LG3a and LG3b in two full-sib

families derived from allotetraploid hybrids. Triticeae homoeologous group 3 aligns to rice chromosome

1, which contains the rice lax panicle and maize barrenstalk1 orthogene responsible for induction of

axillary branch meristems, but this gene has not been mapped or sequenced in Triticeae. We developed

bacterial artificial chromosome (BAC) libraries representing 6.1 haploid equivalents of the tetraploid

Leymus genome (10.7 Mb). Overgo probes designed from the lax-barrenstalk1 orthogene hybridized to 12

Leymus BAC clones. Deduced amino-acid sequences from seven BAC clones were highly conserved with

the rice, maize, and sorghum lax-barrenstalk1orthogenes. Gene specific primers designed from two of the

most divergent BAC clones map to homoeologous regions of Leymus LG3a and LG3b and align with the

lax-barrenstalk1 orthogene on rice 1L. Comparisons of genomic DNA sequences revealed two other

conserved regions surrounding the Leymus LG3a, rice, and sorghum lax-barrenstalk1 ortholoci, and one of

these regions was also present in maize and Leymus LG3b sequences. Comparisons of Leymus LG3a and

LG3b lax-barrenstalk1 coding sequences and flanking genomic regions elucidate molecular differences

between subgenomes.

Published by Elsevier Ireland Ltd.
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1. Introduction

The polyploid genus Leymus comprises about 30 perennial
Triticeae grass species from diverse regions of the northern and
southern hemisphere. Leymus wildryes and other perennial
Triticeae grasses provide forage and habitat for livestock and
wildlife; mitigate atmospheric dust, landslides, and soil erosion;
combat weed invasions; and enhance economically important
recreational activities throughout vast regions of the western
United States and other dry temperate parts of the World. Leymus

wildryes are also perennial relatives of several major cereal crops
including wheat and barley. Wheat-Leymus chromosome intro-
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gression lines [1,2] also display traits such as biological nitrifica-
tion inhibition [3] and other potentially useful traits.

Tall-caespitose basin wildrye (Leymus cinereus) and strongly
rhizomatous creeping wildrye (Leymus triticoides) are two of the
largest native grasses in western North America. Basin wildrye in
particular is an unusually tall grass, exceeding 2 or 3 m in some
environments [4–6]. Although basin wildrye is tolerant of
moderately saline soils [7–10], creeping wildrye is particularly
well adapted to saline meadows and has potential as a saline
biomass crop [11,12]. In contrast, creeping wildrye is shorter but
displays aggressive rhizome growth and a stronger propensity to
form new tillers compared to basin wildrye [4,13]. Interspecific
creeping � basin wildrye hybrids show a combination of traits
including tall stature and rhizome branches that may also be useful
in breeding regionally adapted perennial biomass crops [14].

Tetraploid creeping � basin wildrye hybrids have been used to
construct molecular genetic maps [15], isolate and map EST
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markers [16,17] and identify markers or QTLs associated with a
number of functionally important traits in two full-sib families,
TTC1 and TTC2, derived from crosses of two L. triticoides (T) � L.

cinereus (C) hybrids (TC1 and TC2) backcrossed to a L. triticoides

tester plant (T-tester). Some of the traits evaluated include plant
height, growth habit, and flowering characteristics [4]; fiber,
protein, and mineral content traits [18]; and seed shattering [19].
Moreover, wheat-Leymus chromosome addition lines [1,20,21]
provide a tertiary wheat gene pool for functionally important traits
such as resistance to Fusarium head blight [21,22] and inhibition of
biological nitrification [3]. The wheat-Leymus chromosome addi-
tion lines have been partially characterized using Leymus EST
markers mapped to homoeologous group 3 [16].

Leymus EST libraries have provided a useful source of markers
and candidate gene sequences [16,17], but these libraries are
incomplete in the sense that not all genes are represented, coding
sequences are typically incomplete, and the sequences do not
contain functionally important upstream or downstream regula-
tory elements. In many cases, DNA polymorphisms responsible for
functional trait variation are not represented in the EST libraries,
which can encumber mapping and genetic analysis of targeted
genome regions. Thus, more fully representational genomic DNA
libraries are an essential resource for functional gene discovery
research and applied plant improvement [23]. Representational
BAC libraries are now available for most of the major cereals and
the Festuca–Lolium grass complex [24,25] and perhaps switchgrass
(no published reports available), but relatively few resources are
available for gene and trait discovery research in large-statured,
long-lived grasses.

Traits of particular interest in the creeping � basin wildrye
hybrids, and other perennial grasses, are the caespitose and
rhizomatous growth habits. Quantitative trait loci (QTLs) control-
ling the distance of rhizome spreading were detected on
homoeologous regions of linkage groups (LG) 5Xm in the TTC2
family, LG6a of the TTC1 family, and homoeologous regions of LG3a
and LG3b in both TTC1 and TTC2 families [4,16]. The coincidence of
rhizome QTLs on Triticeae homoeologous group 3, in both families,
provides evidence of one or more important gene factors
controlling rhizome proliferation in this region. Only one other
QTL controlling the distance of rhizome spreading has been
identified on linkage group C in crosses of Sorghum bicolor and
Sorghum propinquum [26], but otherwise there is very little known
about the genetic control of rhizome proliferation because
relatively few genetic mapping experiments have been done in
perennial grasses. The Oryza lax panicle and maize (Zea mays)
barrenstalk1 orthogene is one of the few genes known to control
the initiation and expression of axillary branch meristems in
grasses [27,28]. The lax-barrenstalk1 orthogenes are located on
syntenic regions Oryza chromosome 1L and Zea 3L, encoding
putative transcription factors containing a basic helix-loop-helix
(bHLH) domains [27,28]. Rice 1L and Triticeae chromosome group
3L, including the Leymus LG3a and LG3b rhizome QTL region, are
also highly conserved [16,29,30]. Markers flanking the Sorghum LG
C (chromosome 1) rhizome QTL are syntenous and collinear with
genes on Oryza chromosomes 3 and Triticeae homoeologous group
4 [31,32], whereas sequences on Oryza chromosome 1 including
the lax-barrenstalk1 orthogene are syntenous, and mostly collinear,
from end to end with markers on Sorghum LG A (chromosome 3)
[32,33]. Thus, the lax-barrenstalk1 orthogene is predicted to align in
or near the Leymus LG3a and LG3b rhizome QTLs, but not the
Sorghum LG C rhizome QTL. However, the lax-barrenstalk1

orthogene has not been reported in any cool-season grass despite
the relatively large number of ESTs available in wheat, barley, and
other Triticeae cereals. Thus, it was not previously possible to
determine the exact map location and function of the lax-
barrenstalk1 orthogene, if present, in cool-season grasses such as
the Leymus wildryes. Likewise, until the recent release of the
Sorghum genome sequence [34], it was not previously determined
if and where the lax-barrenstalk1 orthogene was located in the
Sorghum genome.

The primary objectives of this project were to construct
representative genomic DNA libraries from a tetraploid hybrid
of creeping wildrye and basin wildrye and isolate genomic DNA
sequences of the lax-barrenstalk1 orthogene including possible
upstream and downstream regulatory regions which may be
conserved among Zea, Oryza, and sorghum genome sequences.
More than half of all Leymus species are tetraploids (2n = 4x = 28).
The DNA content of the tetraploid Leymus is about 10.7 � 109 bp
per haploid genome [35]. This is approximately midway between
diploid barley (Hordeum vulgare) and hexaploid bread wheat
(Triticum aestivum) Triticeae cereals [35], and approximately 24
times greater than the 430-Mb Oryza genome [36,37]. The Leymus

genome was presumed to be allotetraploid formed by hybridiza-
tion of the diploid Psathyrostachys and Thinopyrum Triticeae genera
based on chromosome pairing [38–40]. The presence of Psathyr-

ostachys (Ns genome) DNA in Leymus has been verified [41–43].
However, extensive testing has failed to detect Thinopyrum-
specific DNA in Leymus [41]. Fluorescent in situ hybridization
(FISH) mapping of dispersed retrotransposon-like repeats from
North American L. mollis and northern European L. arenarius

showed that these sequences were indiscriminately dispersed over
all chromosomes of representative species of Psathyrostachys and
Leymus, but not present in other Triticeae species. Based on these
data, it was suggested that Leymus must be considered an
autopolyploid (Ns)n or segmental allopolyploid combining differ-
ent variations of the Psathyrostachys (Ns) genome [43]. Yet, we also
know that hybrids of L. cinereus and L. triticoides showed disomic
inheritance [15]. Thus, a secondary objective of this study was to
compare sequence divergence and other possible sequence
rearrangements between homoeologous loci showing disomic
inheritance.

2. Materials and methods

2.1. BAC library construction

Young green leaves and stems were repeatedly harvested from
source clones of the L. triticoides Acc641 � L. cinereus Acc636 TC2
hybrid [15] and then frozen in a �80 8C freezer. Two separate
libraries were constructed by partial digestion of high-molecular
weight Leymus DNA with BamHI and MboI restriction enzymes,
using previously described procedures [44–48]. Briefly, 70–100 g
samples of frozen leaves were ground in liquid nitrogen, then
transferred into 1� HB buffer and washed at least four times using
the buffer. Resulting nuclei were embedded in 2.5 ml 1% low-
melting-point (LMP) agarose plugs and incubated in lysis buffer
(0.5 M EDTA; pH 9.0–9.3, 1% sodium lauryl sarcosine) containing
proteinase K (0.3 mg/ml proteinase K) overnight at 50 8C, and then
washed three times in ice-cold TE (10 mM Tris–HCl, pH 8.0; 1 mM
EDTA, pH 8.0) plus 0.1 mM phenylmethylsulfonyl fluoride (PMSF)
and stored in TE at 4 8C.

Each plug was cut into nine slices of equal size with a glass cover
slip, followed by partial digestion with BamHI and MboI restriction
enzymes and analysis by pulsed-field gel electrophoresis (PFGE)
using a CHEF DRIII system (Bio-Rad, Richmond, CA) to determine
the optimal enzyme concentration. Large scale partial digestion
was performed using 8–10 plugs, which were then size-selected on
1% PFGE with 0.5� TBE at 12.5 8C using 6 V/cm and 90-s switch
time for 8 h, then 6 V/cm with a 50-s switch time for 7 h, and then
4 V/cm with a 5-s switch time for 3 h. DNA fractions ranging from
150 to 250 kb were excised from the gel, recovered by electo-
elution, and dialyzed in 0.5� TE. The concentration of eluted DNA
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was estimated on a 1% agarose gel using l DNA as a standard. The
size-selected DNA fragments were ligated with pECBAC1 vector
DNA [46,47] in a 1:4 (vector:insert) ratio at 0.6–1.0 ng/ml. The
vector DNA was isolated from overnight cultures by the alkaline
lysis method, purified by cesium chloride (CsCl) gradient
centrifugation, completely digested with BamHI and MboI restric-
tion enzymes, and dephosphorylated with calf intestinal alkaline
phosphatase (Invitrogen, USA) [44,46]. The ligation reaction was
performed in a volume of 100 ml with 2 units of T4 DNA ligase
(Invitrogen, USA) at 16 8C for 19 h. Transformations were
performed by mixing 1.0 ml of the ligation mixture and 20 ml of
the E. coli ElectroMax DH10B cells in a cell-porator pulser 11613
(Gibco BRL, USA) at 2.5 kV. Transformed cells were incubated in
1 ml SOC medium [49] for 1 h at 37 8C and then grown on LB agar
plates with X-gal and antibiotic. The average insert size from
randomly selected blue colonies was analyzed by isolating DNA by
alkaline lysis, digesting the DNA with NotI, and fractionating the
resulting fragments on contour-clamped homogeneous electric
field (CHEF) gels [44,46,47].

For long-term storage, the BAC clones were manually arrayed
into 384-well microtiter plates, with each well containing about
65 ml of cell freezer storage medium with chloramphenicol
[44,50]. The 384-well microtiter plates were incubated at 37 8C
overnight to allow the clones to grow, replicated in three sets, and
stored in freezers at�80 8C at two locations (Texas A&M University
and the USDA-ARS Forage and Range Research Laboratory). The
BAC libraries were printed robotically on 22.5-cm � 22.5-cm
Hybond N+ membranes (GE Healthcare, Piscataway, NJ) in a
384-well 4 � 4 format using the GeneTACTM G3 Robotic Work-
station (Genomic Solutions, Inc., USA), with each clone double
spotted in a unique orientation within each 4 � 4 grid. A total of six
384-well 4 � 4 arrays were printed on each filter. Thus, each filter
has 36,864 spots for a total of 18,432 clones. The filters were
processed according to a standard alkaline lysis method [44,50].

2.2. Initial sequencing of conserved Leymus lax-barrenstalk1

orthogene coding regions

Degenerate PCR primers (Table S1, Section 3 below) designed
from the consensus sequence of the O. lax panicle AB115668 [27]
and Zea barrenstalk1 AY683001 [28] GenBank nucleotide
sequences were tested for amplification of homologous DNA
sequences from Leymus. Amplification of DNA sequences was
performed in 50 ml volumes with 10 mM Tris–HCl (pH 8.3), 50 mM
KCl, 1.5 mM MgCl2, 0.001% (w/v) gelatin, 200 mM each dNTP,
0.4 mM primers, 1 unit Jumpstart Taq DNA polymerase (Sigma,
Saint Louis, MO), and plant genomic DNA. Thermal cycling was
performed using 94 8C initial denaturation (1 min); 30 cycles of
94 8C denaturation (30 s), 60 8C annealing (30 s), and 72 8C
extension (80 s); and 72 8C final extension (5 min). Amplification
of Leymus lax-barrenstalk1 transcript sequences was performed
using 50 RACE according to using commercially supplied reagents
and protocols (BD Biosciences Clontech, Palo Alto, CA) using
previously described cDNA preparations [51]. Amplification
products were analyzed by agarose gel electrophoresis.

Cloning of PCR products was performed using a Qiagen PCR
Cloning Kit (Valencia, CA). Cloning inserts were PCR amplified
purified using the QuickStep 2 PCR Purification Kit (EdgeBio,
Gaithersburg, MD). Both insert strands were sequenced using 1 ml
of purified PCR amplicon (50 ng DNA), 1 ml of universal M13
primers (2 mM), 0.25 ml BigDye Terminator v3.1 DNA polymerase
in 2.5� reaction buffer with an additional 2 ml of 5� reaction
buffer, and 4 ml of water in a final reaction volume of 10 ml as
recommended by commercial supplier (Applied Biosystems, Foster
City, CA). Sequencing products were purified using Performa dye
terminator removal (DTR) Gel Filtration Cartridges (EdgeBio,
Gaithersburg, MD), and fractionated on an ABI3730 (Applied
Biosystems, Foster City, CA). Base calls were initially determined
using Sequencing Analysis Software v 5.2 (Applied Biosystems).
Base calls and chromatograms from complementary and/or
overlapping reads (forward and reverse) were compared using
Sequencher version 4.8 (Gene Codes Corporation, Ann Arbor, MI).

2.3. Isolation of BAC clones containing Leymus lax-barrenstalk1

orthogene sequences

Overgo primers (Table S1, Section 3 below), were designed
using the OVERGO 1.02i software [52] available at (http://
www.mouse-genome.bcm.tmc.edu/). The 22 filters representing
the two Leymus libraries were prehybridized in two sets, each with
250 ml of hybridization buffer (5� SSC [49], 0.5% SDS, 25 mM
potassium phosphate buffer pH 6.5, 5�Denhardt’s solution) for 2 h
at 50 8C with gentle shaking. The overgo probe was labeled with
[a-32 P]dCTP. Equimolar amounts of the overgo primer pairs were
combined and denatured at 95 8C for 10 min and allowed to cool to
room temperature and anneal. The reaction mixture was prepared
using 200 ng of denatured overgo primer pairs combined with
24 ml of overgo labeling buffer [125 mM Tris–HCl, pH 8.0, 500 mM
HEPES, pH 6.6, 12.5 mM MgCl2, 0.175% (v/v) b-mercaptoethanol,
50 mM dATP, 50 mM dTTP, 50 mM dGTP], 2 U Klenow fragment,
4 ml [a-32 P]dCTP (6000 Ci/mmol) in a total volume of 50 ml. The
reaction was incubated at 37 8C for 30 min, and was subjected to a
Sephadex G-50 column to remove unincorporated nucleotides. To
assist in accurately localizing each positive clone on the high-
density clone filters, approximately 1 ng of labeled BAC vector
pECBAC1 DNA was added to the labeled overgo probe. The probe
was denatured by boiling for 10 min and immediately added to the
prehybridized filters. The filters were hybridized at 50 8C for 18 h
with gentle shaking. Filters were washed four times in 0.5� SSC,
0.1% SDS for at least 20 min each at 50 8C. The hybridized filters
were exposed to X-ray film with intensifying screens at�80 8C. All
BAC clones showing potentially significant hybridization with the
overgo probe were tested for PCR amplification using gene specific
primers, as described above, except that 1 ml of preculture (Section
2.4 below) was used as template.

2.4. BAC DNA isolations and sequencing

The DNA was isolated using the Qiagen Plasmid Midi Kit
(Valencia, CA). Briefly, 5-ml precultures and 100-ml secondary
cultures of selected BAC colonies were grown in 5 ml of LB with
20 mg/ml chloramphenicol at 37 8C with 250 rpm agitation for
about 16 h. The 100-ml cultures were split into 50 ml tubes and
centrifuged for 30 min at 3750 rpm (20 8C), which yield about
0.3–0.5 g of pellet per tube. Pellets were gently resuspended in
10 ml of P1 buffer with 100 mg/ml RNase and mixed with
another 10 ml of clear P2 buffer solution by gently inverting
tubes 4–6 times and incubated for 5 min at room temperature.
The DNA solution was purified by adding 10 ml of chilled P3
buffer to each 30-ml subsamples, gently inverting tubes 4–6
times, removing floating precipitate, and passing both subsam-
ples through one QIAfilter midi cartridge in 3 applications (about
10 min each). The DNA eluates were applied to equilibrated
Qiagen-100 tips, which were then washed with two 10-ml
applications of QC buffer. The DNA was eluted using five 1-ml
aliquots of preheated (658) QF buffer. The DNA was precipitated
from the 5-ml QF solution by adding 3.5 ml of room temperature
isopropanol, in 30-ml glass centrifuge tubes and pelleted at
15,000 g using an SS-34 rotor at 11,200 rpm for 30 min at 4 8C.
The resulting pellets were washed down using 2 ml of ethanol
and centrifuged again for 10 min. The concentrated pellets were
dried for about 10 min and then dissolved using two 50-ml
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Fig. 1. Insert size distribution of clones randomly selected from the Leymus BamHI

and MboI BAC libraries. BAC DNA was isolated, digested with NotI to release the

Leymus DNA inserts from the cloning vector, fractionated on pulsed-field gels,

photographed and estimated in insert size.
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washes of TE, which were then combined and dissolved
overnight at 4 8C.

The BAC DNA templates were sequenced by using gene specific
primers initially designed from sequences obtained by degenerate
PCR and 50 RACE experiments. Additional sequencing primers were
obtained by sequential sequencing and primer synthesis, from
both strands, downstream and upstream of the gene. Fluorescent
dye terminator sequencing reactions were performed using 2 ml of
purified BAC DNA (0.5–1 mg/ml), 6 ml of primer (20 mM), 8 ml of a
2.5� BigDye v3.2 reaction mix (Applied Biosystems), and 4 ml of
water in a final reaction volume of 20 ml. Thermal cycling for the
sequencing reactions was performed beginning with one 5 min
step at 94 8C followed by 50 cycles of 94 8C for 10 s, 50 8C for 5 s,
and 60 8C for 4 min. Sequencing products were subsequently
fractionated and analyzed as described above.

2.5. Comparisons of divergent lax-barrenstalk1 orthogene sequences

Homology searches against the entire National Center for
Biotechnology Information (NCBI) GenBank nucleotide collection
and NCBI Oryza sativa subsp. japonica cultivar-group whole
genome sequence (WGS) [36,37] available at (http://blas-
t.ncbi.nlm.nih.gov/Blast.cgi), Zea BAC sequences on MaizeGDB
[53] available at (http://www.Zeagdb.org), and S. bicolor genome
sequence [34] available at Phytozome (http://www.phytozome.-
net/news.php) were performed using the Basic Local Alignment
Tool (BLAST) [54] or Cross-species megaBLAST tool. Likewise,
homology searches of translated open reading frames (ORFs) from
Leymus BAC sequences against the entire NCBI GenBank translated
protean sequence database were performed TBLASTX. Pairwise
dot-plot and percent identity plots (PIPs) of the Leymus and O. lax-
barrenstalk1 genome regions were performed using (Advanced)
PipMaker [55], available at http://pipmaker.bx.psu.edu/pipmaker/,
with conserved sequence annotation generated using the sequence
underlay option. Multiple-sequence alignments of putative
homoeologous (intergenomic) and homologous (allelic) Leymus

lax-barrenstalk1orthogene sequences was performed using Clus-
talW2 [56] available at http://www.ebi.ac.uk/Tools/clustalw2/
index.html.

2.6. Linkage mapping

The 164-sib TTC1 and 170-sib TTC2 families, derived from
crosses of the L. triticoides Acc641 � L. cinereus Acc636 TC1 and TC2
hybrids to a L. triticoides Acc641 T-tester plant were genotyped
using locus-specific PCR primers designed from the Leymus BAC
genomic DNA sequences (Table S1 and Section 3 below). The
relative mobility of PCR amplicons was analyzed by capillary
electrophoresis using GS500 LIZ internal size standard and
ABI3730 genetic analyzer (PE Applied Biosystems Inc., Foster City,
CA) and Genescan software (PE Applied Biosystems). The relative
mobility of PCR amplicons was compared and classified, by
genotype, using Genographer version 1.6.0 [57]. Polymorphic
amplicons were initially assigned to one of 14 possible linkage
groups in the TTC1 and/or TTC2 families [15,1] using the ‘Create
Groups Using a Map Node’ and ‘Assign Ungrouped Loci to Strongest
Cross Link (SCL) Groups’ functions of JoinMap 4.0 [58]. Consensus
maps for LG3a and LG3b linkage groups [16] were recalculated by
‘Regression Mapping’ using only linkages with a recombination
frequency smaller than 0.4, linkage LOD greater than 1.0, good-
ness-of-fit jump threshold of 5.0, ripples after each added locus,
and Haldane’s mapping function with a third round to force any
remaining markers on the map. Alignments of Leymus LG3a and
LG3b EST-SSR markers and homologous sequences on Oryza

chromosome 1 were previously described [16], except for the
addition of the putative lax-barrenstalk1 ortholoci described below.
2.7. Reverse transcription PCR (RT-PCR)

RT-PCR was performed using previously described cDNA
preparations [51] and the same PCR protocols described above
(Section 2.2).

3. Results

3.1. BAC library size characteristics

A total of 313,728 BamHI clones were arrayed in 817 384-well
microplates and a sample of 93 clones displayed an average insert
size of 155.0 kb (Fig. 1). Likewise, a total of 92,160 MboI clones
were arrayed in 240 384-well microplates and a sample of 64
clones displayed an average insert size of 135.4 kb (Fig. 1). The
combined libraries include 405,888 clones arrayed in 1057 384-
well microplates with an average insert size of 150.5 kb. The BamHI
clones were double spotted on 17 filters and the MboI clones were
double spotted on five filters.

3.2. Initial sequencing of conserved Leymus lax-barrenstalk1

orthogene coding regions

The laxba1.358f and laxba1.669r (Table S1) degenerate PCR
primers, designed from the consensus sequence of the O. lax

panicle AB115668 and Zea barrenstalk1 AY683001 GenBank
nucleotide sequences, amplified a single 270-bp product. Exclud-
ing 41 bp of primer sequence designed from the lax-barrenstalk1

orthogene, the 229-bp Leymus amplicon (FJ373313) showed best
homology to the O. lax and Zea barrrenstalk1 orthogenes, when
searched against the NCBI GenBank nucleotide collection, NCBI
Oryza WGS, or Zea BAC sequences.

The GSP.392R (Table S1) 50 RACE primer, designed from the
Leymus laxba1.358f–laxba1.669r genomic DNA PCR amplicon
(FJ373313) described above, amplified a 395-bp product. Exclud-
ing 41 bp of primer sequence, designed from the putative lax-
barrenstalk1 genomic DNA amplicon from Leymus (FJ373313), the
remaining 370–bp Leymus transcript sequence (FJ373308) showed
best homology to the O. lax and Zea barrrenstalk1 orthogenes, when
searched against the GenBank nucleotide collection, Oryza WGS, or
Zea BAC sequences.

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.zeagdb.org/
http://www.phytozome.net/news.php
http://www.phytozome.net/news.php
http://pipmaker.bx.psu.edu/pipmaker/
http://www.ebi.ac.uk/Tools/clustalw2/index.html
http://www.ebi.ac.uk/Tools/clustalw2/index.html
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3.3. BAC library screening

A total of twelve apparent hybridization signals with six BamHI
clones and six MboI clones were detected when the OG.057 + 43f
and OG.057 + 81r overgo probe (Table S1) was hybridized to all 22
filters. In most cases, relatively dark double spot signals clearly
distinguish hybridization of overgo probes versus hybridization of
diluted vector to the overall 384-well 4 � 4 grid, which facilitated
accurate identification of positive colonies. Seven of these 12
colonies showing hybridization with our overgo probe were
confirmed by PCR using the GSP.057F and GSP.392R primer pair.
All seven of these BAC clones were sequenced using the GSP.057F
and GSP.566R primers (Table S1) and other primers designed by
sequence walking upstream and downstream of the putative
Leymus lax-barrenstalk1 orthogene. Partial sequence analysis of
non-coding regions from these seven BAC clones revealed two
divergent sequences, with relatively minor sequence variation
within these two groups. Thus, two clones representing the two
divergent sequence types were selected for additional sequence
walking upstream and downstream of the lax-barrenstalk1

orthogene. Both clones contain 636-bp ORFs homologous to the
single-exon 648-bp O. lax (AB115668) and the single-exon 660-bp
Zea barrenstalk1 (AY683001) orthogenes. Moreover, deduced
Fig. 2. Comparison of deduced amino-acid residues from the Leymus LG3a (FJ373309),

Sorghum (XM_002458669) orthogenes. (A) Multiple-sequence alignment of the predicted

conserved substitutions, and semi-conserved substitutions are indicated by ‘‘*’’, ‘‘:’’, an

indicated in bold as B (basic), (helix), and (loop). (B) Dendogram of UPGMA cluster an

barrrenstalk1 orthogenes, with 50% majority-rule bootstrap confidence levels.
amino-acid (aa) sequences from the two divergent Leymus BAC
clones, FJ373309 and FJ373310, show greatest homology to the O.

lax (AB115668) and Zea barrenstalk1 (AY683001) orthogenes when
searched against the GenBank nucleotide collection. The 240-place
alignment of predicted proteins from the putative Leymus (211 aa),
Oryza (223 aa), Zea (219 aa), and Sorghum (232 aa) lax-barrenstalk1

genes shows 111 conserved residues, 21 functionally conserved
residue substitutions, and 21 functionally semi-conserved residue
substitutions with complete conservation of the putative bHLH
DNA-binding domain [27,28] (Fig. 2). Relationships based on the
percent divergence in the deduced lax-barrenstalk1 proteins
(Table 1, Fig. 2) show two groups with high bootstrap confidence
levels: (1) Zea and Sorghum with about 12% difference, and (2)
Leymus LG3a and Leymus LG3b with about 5% divergence. The O.

lax-barrenstalk1 protein is more similar to the Leymus based on
percent amino-acid similarity (Fig. 2), but not supported by
statistically meaningful bootstrap confidence levels.

3.4. Linkage mapping and alignment to the O. lax-barrenstalk1

orthogene

Gene specific PCR primers designed from non-coding sequences
of two divergent Leymus BAC clones (FJ373309 and FJ373310),
Leymus LG3b (FJ373310), Zea barrenstalk1 (AY683001), Oryza lax (AB115668), and

lax-barrrenstalk1 transcription factor proteins with conserved amino-acid residues,

d ‘‘.’’ symbols, respectively. The basic helix-loop-helix (bHLH) domain regions are

alysis based on percent similarity among deduced amino-acid sequences of the lax-



Table 1
Percent nucleotide change (lower diagonal) or percent similarity (upper diagonal)

among the maize (Zea mays) barrenstalk1 protein and deduced amino-acid

sequences of the rice lax (Oryza sativa), sorghum (Sorghum bicolor), and wildrye

(Leymus cinereus � triticoides) orthogenes.

Zea Sorghum Oryza Leymus LG3a Leymus LG3b

Zea 0 89 58 57 57

Sorghum 11 0 62 62 62

Oryza 42 38 0 61 61

Leymus LG3a 43 38 39 0 96

Leymus LG3b 43 38 39 4 0

S.R. Larson et al. / Plant Science 177 (2009) 427–438432
upstream of the putative lax-barrenstalk1 orthogene sequences,
detected polymorphisms in the Leymus TTC1 and TTC2 mapping
populations. The LG3a.57-407F and LG3a.57-034R primer pair,
designed from non-coding regions from one of the two divergent
Leymus BAC clones (FJ373309) containing putative lax-barrenstalk1

orthogene sequences, amplified a 367-bp band that mapped to the
long arm of Leymus homoeologous group LG3a (Fig. 3). The
LG3b.57-640F and LG3b.57-035R primer pair, designed from non-
coding regions of other Leymus BAC clone (FJ373310) containing
putative lax-barrenstalk1 orthogene sequences, amplified a 590-bp
band that mapped to the long arm of Leymus homoeologous group
LG3b (Fig. 3). The putative lax-barrenstalk1 orthogenes are located
on the long arms of Leymus homoeolgous LG3a and LG3a are both
most homologous to the same lax-barrenstalk1 orthogene on the
Oryza P0446G04 BAC clone on Oryza chromosome 1 (Fig. 3), when
searched against the GenBank nucleotide collection or Oryza WGS
(as described in Sections 3.2 and 3.3 above). Moreover, the putative
Leymus and O. lax-barrenstalk1 orthogenes-barrenstalk1 ortho-
genes and other conserved gene sequences are syntenous and
show co-linear map orders on the long arms of Leymus homo-
eologous group 3 and Oryza chromosome 1 (Fig. 3). These map data
and sequence homology searches provide compelling evidence
that the Leymus LG3a FJ373309 and LG3b FJ373310 loci contain
genes that are orthologous to the O. lax-barrenstalk1 orthogenes
(AB115668) and Zea barrenstalk1 (AY683001) genes.

3.5. Comparisons of Leymus, Oryza, Sorghum, and Zea lax-

barrenstalk1 orthogenes

Self-comparisons of genomic DNA sequences, using dot-plot
and percent identity plots (Fig. 4) show dispersed, tandem, and
inverted repeat elements in Sorghum and Oryza, some of which are
conserved between these two divergent genera. Conversely, self-
comparisons of genomic DNA sequences evidently show smaller
and more localized repeat elements in Zea and Leymus LG3b and
only one relatively small repeat structure in the Leymus LG3a
sequences.

Comparisons of the lax-barrenstalk1orthogene and flanking
genomic regions between the Leymus LG3a (FJ373309) and Leymus

LG3b (FJ373310) using dot-plot and percent-identify plots (Fig. 4)
elucidate patterns of sequence divergence, insertion and deletion,
and unique sequences that differentiate these homoeologous loci.
In particular, the PIP analysis detected 3835 bp of sequence
showing greater than 50% conservation between the 7233-bp
Leymus LG3a FJ373309 and 7683-bp LG3b FJ373310 Leymus BAC
sequences (Fig. 4). Thus, about 53% and 48% of the homoelogous
Leymus LG3a FJ373309 and LG3b FJ373310 BAC clones are
conserved relative to each other.

Comparisons of the lax-barrenstalk1orthogene and flanking
genomic regions among Leymus LG3a (FJ373309), Leymus LG3b
(FJ373310), Zea (AY683001), Oryza (AB115668), and Sorghum

chromosome 2 revealed two conserved regions (CR2, and CR3) and
a third conserved region (CR3) that was also present in Leymus

LG3a, Oryza, and Sorghum sequences (Fig. 4). The largest conserved
region (CR2) is the lax-barrenstalk1orthogene itself, which includes
649 bp of O. lax-barrenstalk1 orthogenes-barrenstalk1 coding
sequence, 633 bp of coding sequence in both of the Leymus

LG3a FJ373309 and Leymus LG3b FJ373310 BAC clones, 657 bp of
coding sequence in Zea, and 696 bp of coding sequence in Sorghum

in addition to other 50 and 30 homologous sequences adjacent to
these coding sequences. Another conserved region (CR1) located
upstream of the lax-barrenstalk1 orthogene (CR2) was present in
the Leymus LG3a, Oryza, and Sorghum genomic DNA sequences
(Fig. 4). A third conserved region (CR3) is located downstream of
the lax-barrenstalk1 orthogene (CR2) in the Leymus LG3a, Leymus

LG3b, Zea, and Sorghum genomic DNA sequences and inverted
upstream of the lax-barrenstalk1 orthogene (CR2) in Oryza (Fig. 4).
Thus, the lax-barrenstalk1 orthogene (CR2) and CR3 are present in
all sequences, but CR1 is absent in the Leymus LG3a and Zea.

3.6. Nucleotide polymorphism in the Leymus lax-barrentalk1

orthogenes

The GSP.057F and GSP.210R primers were used to amplify and
resequence coding regions of the Leymus lax-barrentalk1 orthogene
from the heterogeneous L. triticoides Acc641 and L. cinereus Acc636
parental accessions and compare these sequences to mapped
(Fig. 5) BAC DNA sequences from the L. triticoides Acc641 � L.

cinereus Acc636 TC2 hybrid. The Leymus LG3a FJ373309 and LG3b
FJ373310 lax-barrentalk1 coding regions showed 16 single-
nucleotide polymorphisms (SNPs) resulting in seven amino-acid
substitutions (Fig. 5). The GSP.057F and GSP.210R primers flank
nine of the 16 SNPs that distinguish LG3a FJ373309 and LG3b
FJ373310 lax-barrentalk1 coding regions (Fig. 5). In addition to
sequences that were identical or nearly identical to the LG3a
FJ373309 or LG3b FJ373310 BAC DNA sequences, we detected at
least two sequence variants (FJ373311 and FJ373312) from L.

triticoides (CWR) using the GSP.057F and GSP.210R PCR primers
(Fig. 5). Compared over the nine SNPs that distinguish LG3a
FJ373309 and LG3b FJ373310 loci, both of the L. triticoides

FJ373311 and FJ373312 sequences were more similar to the
LG3a FJ373309 BAC sequence (Fig. 5).

The L. triticoides FJ373312 sequence displayed a 3-bp deletion,
resulting in the loss of a leucine residue, and six other silent SNP
mutations that were unique to this amplicon (Fig. 5). Otherwise,
the FJ373312 sequence was identical to LG3a FJ373309 sequence,
including all nine SNPs that distinguish the LG3a and LG3b loci
(Fig. 5). Thus, we deduce that the L. triticoides FJ373312 sequence is
allelic to the LG3a FJ373309 locus (Fig. 5).

The L. triticoides FJ373311 sequence contains a 17-bp deletion,
relative to other Leymus lax-barrentalk1 coding sequences (Fig. 5),
which creates codon reading frameshift with a premature stop
codon (TGA) located between nucleotides 165 and 167 (Fig. 5). The
L. triticoides FJ373311 sequence variant also contains a 8-bp
insertion and two other SNP mutations, relative to the other
Leymus lax-barrentalk1 coding sequences (Fig. 5). The FJ373311
sequence matched the LG3a FJ373309 sequence over six of the nine
SNPs and completely lack two of the nine SNPs as a result of the 17-
bp deletion (Fig. 5). However, FJ373311 sequence also shared one
SNP allele with the LG3b FJ373310 sequence (Fig. 5). Nevertheless,
we deduce that the FJ373311 amplicon is a psuedogene allele the
LG3a FJ373309 locus.

The combination of 17-bp deletion and 8-bp insertion of the L.

triticoides FJ373311 sequence variant (Fig. 5) was visible on agarose
by PCR amplification of genomic DNA from the T-tester L. triticoides

parent and segregates in an approximate 1:1 ratio in both TTC1 and
TTC2 populations (data not shown), using the GSP.057f and
GSP.474r primer pair (Table S1). However, this lax-barrentalk1 size
variant was not detected using RT-PCR and cDNA in the TTC1 and
TTC2 progeny.



Fig. 3. Comparative mapping of lax-barrenstalk1 orthogenes and Leymus rhizome QTLs based on molecular genetic recombination maps for the long arms of Leymus LG3a and

LG3b; LOD scans of the Leymus TTC1 and TTC2 rhizome spreading QTLs; and physical map of corresponding gene sequences on the long arm of Oryza chromosome 1. The

approximate 5% chromosome-wide and genome-wide LOD thresholds are shown as dashed lines (LOD = 2.3) and solid lines (LOD = 3.3). The recombination distances (cm) for

the LG3a and LG3b consensus maps from of the Leymus TTC1 and TTC2 mapping populations is shown on the left side of figure, whereas the physical location and coverage of

Oryza chromosome 1 BAC clones is shown (in base pair units) on the right side of figure.
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Fig. 4. Pairwise comparisons of dot-plot sequence alignments and percent identity plots (PIPs) among Leymus LG3a (FJ373309), Leymus LG3b (FJ373310), Zea barrenstalk1

(AY683001), Oryza lax (AB115668), and Sorghum chromosome 3 genomic sequences containing lax-barrenstalk1orthogenes. The inferred orientation of three highly conserved

regions (CRs) including coding sequences of the lax-barrenstalk1 orthogene (CR2) are shown.
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4. Discussion

4.1. Identification of lax-barrenstalk1 orthogene in cool-season

grasses

Discovery of the lax-barrenstalk1 orthogene in Leymus is
somewhat surprising considering that this gene was not previously
found in the EST libraries of wheat, barley, or other cool-season
cereals and grasses. However, the absence of this gene in EST
libraries of wheat, barley, and other cool-season cereals may not be
totally unexpected since expression of transcription factors is low
and also because there has been relatively little attention given to
the axillary meristems of these species. Most of the wheat and
barley EST libraries were constructed using stems, leaves, flowers,
seeds, and roots. Rhizomes are common and important features of
perennial grasses, but virtually absent or sparse in cereals and
other annual grasses.

With an average insert size of 150.5 kb, the 405,888 Leymus BAC
clones developed in this project represent approximately 6.1�
haploid genomes of tetraploid Leymus. Hybridization of an overgo



Fig. 5. Nucleotide sequence and length variation in Leymus lax-barrenstalk1 orthogene sequences from LG3a and LG3b BAC clones and creeping wildrye (CWR)

resequencing.
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probe, designed from the single-copy lax-barrenstalk1 orthogene,
to twelve Leymus BAC colonies and identification of orthologous
lax-barrenstalk1 sequences in at least seven of these clones confirm
effective genome representation of this library.

Evidence that the lax-barrenstalk1 orthogene [27,28] is present
in cool-season grasses based on sequence homology and mapping
data. In particular, the Leymus FJ373309 and FJ373310 BAC clones
contain nucleotide and deduced amino-acid sequences that show
greatest homology to the O. lax-barrenstalk1 orthogenes panicle
[27] and Zea barrenstalk1 [28] orthogenes, even when searched
against the entire NCBI GenBank nucleotide collection, the NCBI
Oryza WGS, or the Sorghum WGS. Moreover, the putative bHLH
DNA-binding domain of the lax-barrenstalk1 orthogene [27,28] is
highly conserved among the five grass gene sequences (Fig. 2),
which is interesting given that these proteins lack the glutamic
acid residue at position nine in the basic region that was
demonstrated in non-plant bHLH proteins to be necessary for
DNA binding to the canonical E-box site [28,59–61]. Thus, the grass
lax-barrenstalk1 orthogene belongs to a subgroup of proteins that
share an atypical bHLH domain, which was suggested to bind a
different sequence motiff [28,59–61]. The orthology of Leymus and
O. lax-barrenstalk1 orthogenes-barrenstalk1 sequences is also
evident by synteny and co-linearity of Leymus LG3a, Leymus

LG3b, and Oryza chromosome 1 DNA sequences including the
putative lax-barrenstalk1 ortholoci (Fig. 5). Moreover, amplification
of the lax-barrenstalk1 transcripts (Sections 3.2 and 3.6 above) from
cDNA prepared from subterranean rhizome and tiller buds of
Leymus [51] suggest that this gene be involved in the formation of
axillary meristems in Leymus wildryes, as it is in Oryza [27] and Zea

[28]. Taken together, these findings provide convincing evidence
that the Leymus FJ373309 and FJ373310 BAC clones contain
functional lax-barrenstalk1 orthogenes that may be involved in the
initiation of rhizome and tiller bud meristems, even if it is not
directly responsible for the Leymus homoeologous group 3 QTLs
controlling growth habit differences between caespitose L. cinereus

and rhizomatous L. triticoides.
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4.2. Amino-acid sequence divergence among the Poaceae lax-

barrenstalk1 orthogenes and identification of upstream and

downstream conserved DNA sequences

Cool-season Pooideae grasses including the Triticeae cereals
wheat, barley, and rye and perennial Triticeae grasses such as the
Leymus wildryes diverged from the Oryzoideae (including genus
Oryza) and Panicoideae (including the genera Zea and Sorghum)
47.2–62.3 and 55–72.2 million years ago (MYA), respectively [62–
64]. Thus, the general relationships among Leymus, Oryza,
Sorghum, and Zea lax-barrenstalk1 orthogenes (Table 1, Fig. 2) is
very much consistent with known phylogenetic relationships
among these Poaceae species. Within Triticeae, Hordeum origi-
nated 10.1–11 MYA [65,66] followed by Secale �7 MYA [65], and
Triticum–Aegilops complex 2.5–4.5 MYA [67]. Of the diploid
progenitors of wheat, the B genome diverged from the A–D lineage
2.5–6 MYA [68] and A from D between 2.7 and less than 0.5 MYA
[65,66]. Thus, the observed divergence between the homoeolo-
gous Leymus LG3a and Leymus LG3b lax-barrenstalk1 orthogenes
appears to be within the range of divergence observed among
various Triticeae genomes and subgenomes, based on approx-
imate comparisons of relative amino-acid sequence differences
among other Poaceae lax-barrenstalk1 orthogenes analyzed in this
study (Fig. 2).

Only one of the three conserved regions among Leymus, Oryza,
Sorghum, and Zea genomic DNA sequences, the CR2 lax-barren-

stalk1 orthogene sequence (Fig. 4), has been annotated in the NCBI
GenBank. Likewise, the only sequence of the Leymus LG3a
FJ373309 and LG3b FJ373310 BAC clones that shows conservation
with deduced translated sequences of these databases is the CR3
lax-barrenstalk1 coding region. Although neither the CR2 nor CR3
regions have been annotated in Oryza, Sorghum, or Zea, it is possible
that one or both of these sequences are regulatory sequences of the
lax-barrenstalk1 orthogene. Conservation of linear order and
orientation of CR1, CR2, and CR3 between Leymus LG3a and
Sorghum genomic sequences may represent the ancestral config-
uration of grasses.

Sequence alignments of the Leymus LG3a FJ373309 and LG3b
FJ373310 lax-barrenstalk1 genomic DNA regions provides the
first glimpse of DNA sequence divergence and rearrangements
between homoeologous loci of tetraploid Leymus. One of the
three conserved regions (CR1) between the Leymus LG3a
FJ373309 BAC clone and Oryza is not even present in the Leymus

LG3b FJ373310 clone (Fig. 4). Nearly half of the Leymus LG3a
FJ373309 and LG3b FJ373310 DNA sequence alignments show
less than 50% (no significant) homology. Regions of homology
between the Leymus LG3a FJ373309 and LG3b FJ373310 clones
are broken by two regions of sequence divergence and show
somewhat different relative positions (Fig. 4). These data
demonstrate a molecular basis for the lack of multivalent
formation during chromosome pairing and the display of
consequent disomic inheritance observed in Leymus, which are
consistent with the allotetraploid genome interpretation for
Leymus [15,38–40,42].

Differences between genomic DNA sequences of the Leymus

LG3a FJ373309 and LG3b FJ373310 BAC clones (Fig. 4) are similar
to differences observed between homoeologous loci of wheat.
Comparisons of genomic DNA between subgenomes of hexaploid
wheat are still limited, but often show gene deletions, localized
gene rearrangements, and numerous other insertion and deletion
events driven by changes in the number and distribution of
retrotransposons [69,70]. Although some local rearrangements
between Leymus and Oryza were detectable (Fig. 4), larger
expanses of genomic DNA may be needed to fully elucidate
homology and divergence between subgenomes of allotetraploid
Leymus.
4.3. Nucleotide polymorphism and possible QTL associations involving

the Leymus lax-barrentalk1 orthogene

The null lax-barrenstalk1 allele L. triticoides is somewhat
surprising considering that L. triticoides generally displays more
tillers and rhizome branches compared to L. cinereus. Loss of lax-
barrenstalk1 gene function would be expected to abbreviate
initiation of lateral branch meristems based on phenotypic effects
observed in maize [28] and rice [27]. Thus, it seems unlikely that
this null allele provides explains growth habit differences between
L. cinereus and L. triticoides. Moreover, the LG3a lax-barrenstalk1

locus was not aligned to L. triticoides � (L. triticoides � L. cinereus)
TTC1 and TTC2 rhizome QTLs located on the more distal region of
the LG3a long arm (Fig. 3) [4]. However, the tetraploid hybrids (TC1
and TC2) and the L. triticoides tester parent (T-Tester) used to
construct the TTC1 and TTC2 QTL mapping populations [4] each
contain up to 4 possible alleles. Even though the TTC1 and TTC2
molecular maps were constructed using only markers present in
the hybrids (TC1 or TC2) and absent in the tester genotype, it is
possible to have up to eight different alleles segregating in the
TTC1 and TTC2 populations. Thus, we are not certain as to whether
we were able to directly test effects of the null mutation because
the markers we used for mapping did not flank this mutation per se.
Although the lax-barrenstalk1 orthogene may not be responsible
for differences in the circumference of rhizome spreading between
L. triticoides and L. cinereus [4], it is may still be involved in the
formation of axillary meristems including tiller and/or rhizome
buds of these and other cool-season perennial grasses.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.plantsci.2009.07.006.
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